Abstract A gene encoding an alkaline (pI of 8.67) chitinase was cloned and sequenced from Chromobacterium sp. strain C-61. The gene was composed of 1,611 nucleotides and encoded a signal sequence of 26 N-terminal amino acids and a mature protein of 510 amino acids. Two chitinases of 54 and 52 kDa from both recombinant Escherichia coli and C-61 were detected on SDS-PAGE. Maximum chitinase activity was obtained in the culture supernatant of recombinant E. coli when cultivated in TB medium for 6 days at 37°C and was about fourfold higher than that from C-61. Chi54 from the culture supernatants could be purified by a single step based on isoelectric point. The purified Chi54 had about twofold higher binding affinity to chitin than to cellulose. The chi54 encoded a protein that included a type 3 chitin-binding domain belonging to group A and a family 18 catalytic domain belonging to subfamily A. In the catalytic domain, mutation of perfectly conserved residues and highly conserved residues resulted in loss of nearly all activity, while mutation of nonconserved residues resulted in enzymes that retained activity. In this process, a mutant (T218S) was obtained that had about 133% of the activity of the wild type, based on comparison of K cat values.
Introduction
Chitinases (EC 3.2.1.14) hydrolyze the β-1,4-linkage of chitin, which is one of the most abundant natural polymers. Chitin is a major structural component of many arthropods and fungal cell walls (Flach et al. 1992) . Most organisms produce chitinases including viruses, eubacteriales, archaebacteriales, fungi, and insects, as well as plants and vertebrates. Some enzymes may be useful in the control of agricultural pests, including enzymes with antifungal activity (Broadway et al. 1995; Chernin et al. 1995; Kobayashi et al. 2002; Lorito et al. 1993) . Others with activity at alkaline pH values may degrade the peritrophic membranes that line insect guts. This affects insect digestion and is directly inhibitory to insect growth and development (Broadway et al. 1998 ) and may also increase susceptibility of insects to gut-active insecticides including the endotoxins from Bacillus thuringiensis (Ding et al. 1998) or baculoviruses (Shapiro et al. 1987) . Such enzymes may be used directly in pest control strategies, or native or transgenic microbes that secrete potent enzyme mixtures can be employed as biocontrol agents (Fang et al. 2005 ). In addition, single or multiple genes may be expressed in plants, resulting in the control of diseases or herbivorous insects (Bolar et al. 2001; Ding et al. 1998) .
We were interested in the discovery of chitinases that would possess activity against multiple plant pests. In earlier research, we isolated several chitinolytic bacteria from soil and identified the organisms with the greatest ability to solubilize chitin and that possessed strong biocontrol activity against plant pathogenic fungi. The bacterium with the highest chitinase production and biocontrol ability was identified as Chromobacterium sp. strain C-61 (Park et al. 1995a) . A major chitinase from the bacterium had a molecular weight of 54 kDa and a pI of 8.7 and played an important role in the biocontrol of plant pathogenic fungi (Park et al. 1995b,c) . The chitinase was also stable in alkali pHs and so is likely to provide a significant tool for control of insect pests of plants.
Numerous chitinase genes have been cloned from a variety of organisms. There have been numerous attempts at the classification of enzymes based on sequence similarities. Chitinases are contained in families 18 and 19 of glycosyl hydrolases (Henrissat and Davies 1997) and most bacterial chitinases, except for chitinases of Streptomyces spp. and actinobacteria (Kawase et al. 2004 ), belong to family 18 and contain a catalytic domain plus, in most cases, a chitinbinding domain (http://smart.embl-heidelberg.de). Chitinbinding domains of bacterial chitinases were primarily of type 3 (Henrissat 1999) , which has been further subdivided .
In this study, a gene encoding a major chitinase (Chi54) from Chromobacterium sp. strain C-61 was cloned. Moreover, the various domains that provide functionality were identified and site-directed mutagenesis was used to identify essential functional amino acids within the catalytic domains. This provided a basis for improvements in activity, and one mutant indeed possessed higher activity than the original strain. In addition, methods for rapid production of the modified or functional pure proteins were identified.
Materials and methods

Bacterial strains, plasmids, and culture conditions
Chromobacterium sp. strain C-61 was grown in nutrient broth (NB, Difco, Detroit) containing 50 μg/ml of ampicillin at 28°C. Escherichia coli XL1-Blue MRF′ (Stratagene, La Jolla, CA) was used for the construction of the ZAP express library amplification of phage clones and the expression of the pBK phagemids. E. coli strains were grown at 37°C on Luria-Bertani (LB) medium (Sambrook et al. 1989 ) supplemented with 50 μg/ml of kanamycin where necessary and with 0.2% maltose and 10 mM MgSO 4 for the propagation of lambda phages. Strain C-61 is deposited in the Korean Agricultural Culture Collection (National Institute of Agricultural Biotechnology, Suwon, Republic of Korea, http://wdcm.nig.ac.jp/ CCINFO/CCINFO.xml?806) as accession KACC 91199P.
Construction of a genomic library and screening of chitinase-producing clones Chromosomal DNA of Chromobacterium sp. strain C-61 was partially digested with Sau3A1 and ligated into the BamHI site of the ZAP Expression vector (Stratagene). The ligation mixtures were packaged into phage particles using Gigapack III Gold packaging extract (Stratagene) and then amplified in E. coli XL1-Blue MRF′ cells. The phages were plated and transferred to nitrocellulose membranes soaked with 10 mM isopropyl-β-D-thiogalactopyranoside (IPTG) to induce the lac promoter. The nitrocellulose membranes were hybridized with the anti-chitinase sera using picoBlue Immunoscreening Kit (Stratagene). Polyclonal antibodies were produced in female mice by immunization with 75 μg of purified chitinase (A & PEP, Chungnam, South Korea). Specificity and titer of the antibodies were evaluated by dot blot test and agar-double diffusion test. Phages of hybridized plaques were cultured in LB broth containing E. coli and the culture solutions were tested for chitinase activity by release of 4-methylumbelliferyl-β-D-N,N′-diacetylchitobioside [designated 4-MU-(GlcNAc) 2 hereafter] (Sigma, St. Louis, MO). The chitinase-producing phages were incubated with the Exassist helper phages and E. coli XL1-Blue MRF' cells to excise the pBK-CMV phagemid vector from the ZAP Express vector. The excised phagemids containing the cloned insert were use to transfect E. coli XLOLR, which prevents replication of the helper phage genome and lambda DNA contamination. Colonies were selected that cleared colloidal chitin on 1/2 strength LB medium.
DNA sequencing and analysis DNA sequencing was performed on an Applied Biosystems Automated 3730 DNA Analyzer with Big Dye Terminator chemistry and AmpliTaq-FS DNA Polymerase at the Cornell Biotechnology Resource Center (http://www.brc.cornell.edu/brcinfo/index.php?f=1). Homology searches in GenBank were carried out in Protein-protein BLAST (blastp) at NCBI (http://www.ncbi. nlm.nih.gov/BLAST/). The predicted molecular weight and pI value of the chitinase were calculated using Compute pI/Mw (http://us.expasy.org/tools/pi_tool.html). The predicted signal sequence was identified with SignalP (http://www.cbs.dtu.dk/services/SignalP). The predicted domains were located with the SMART program (http://smart.embl-heidelberg.de).
Subcloning of an open reading frame (ORF) containing a chitinase gene One insert in pBK-CMV consisted of 3,787 bp that included 3,690 bp from strain C-61 and 97 bp of vector DNA. An ORF of the chitinase gene was located in 1-1,787 bp and an ApaI site was located at 1,846 bp and another at 3,744 bp (vector DNA region) within the recombinant plasmid. DNA of about 6.3 kb containing pBK-CMV (about 4.5 kb) and the chitinase gene (1,846 bp) was extracted using agarase (Roche, Mannheim, Germany) from gels. After digestion with ApaI, the extracted DNAs were ligated and transformed into E. coli XL1-Blue MRF'. Transformants expressing the enzyme were identified by formation of clearing zones on chitin agar plates, thereby selecting for the DNA segment that contained the gene.
Site-directed mutagenesis of Chi54
Site-specific mutations were conducted using QuikChange site-directed mutagenesis kit (Stratagene). The oligonucleotide primers used for mutagenesis are shown in Table 1 . The vectors containing chi54 were PCR-amplified using Pfu DNA polymerase according to the manufacturer's protocol. The product was then treated with DpnI endonuclease, specific for methylated and hemimethylated DNA to digest the C-61 DNA template. The vector DNA carrying the desired mutations was transformed and proliferated in E. coli XL1-Blue supercompetent cells. The candidate clones were selected by size of clearing zone on 1/2 LB plates containing colloidal chitin. The mutant clones were confirmed by sequencing of the inserted DNA.
Production of Chi54 and mutated Chi54
The chitinolytic ability of strain C-61 and E. coli carrying a chi54 or mutated chi54 was first compared by sizes of halos on 1/2 strength LB medium containing 0.1% colloidal chitin after 5 days incubation at 30 or 37°C. To determine the optimum culture conditions of recombinant E. coli on chitinase production, growth of a single colony was initiated by shaking overnight and 500 μl was inoculated into 50 ml LB or Terrific Broth (TB) (Sambrook et al. 1989 ) containing kanamycin in a 250 ml flask. The culture was incubated with shaking at 37°C until OD 600 reached 0.6 (about 5-6 h culture). Subsequently, 500 μl of 100 mM 
IPTG was added or not added to the culture broth and culture was continued. At various times, the OD 600 of the culture broth was measured to determine cell growth and chitinase activity was determined with the culture supernatant. The chitinase activities of the wild-type and mutants were compared with culture supernatant and cytoplasmic extracts. Their cytoplasmic extracts were obtained from cells cultured in TB at 37°C for 1 day as described in the pET system manual (Novagen, Darmstadt, Germany), and culture supernatants were obtained after 5 days incubation at 37°C in 1/2 LB containing colloidal chitin.
Purification of Chi54 and mutated Chi54
The chitinases were purified from culture supernatant of E. coli strains grown for 4 days at 37°C in 1/2 LB containing colloidal chitin. The culture supernatants (300 ml) were precipitated with solid ammonium sulfate, dissolved in 6 ml of 20 mM sodium acetate buffer (pH 6.0) and desalted by dialysis. The proteins were mixed with 1.2 ml of 40% ampholytes (pH 3-10) and with 10.8 ml of deionized water. The samples were loaded in a Mini Rotofor chamber (BioRad, Hercules, California) and run at 12 W constant power for 4 h with 0.1 M H 3 PO 4 at the anode and 0.1 M NaOH at the cathode. After harvesting, the fractions containing chitinases were pooled and dialyzed, and then analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The protein concentration was measured with a protein assay kit (Bio-Rad) with bovine serum albumin as a standard.
Enzyme activity assays Activity of the enzyme was assayed against 4-MU-(GlcNAc) 2 , colloidal chitin or crystal chitin (Sigma, C8908). Assays for 4-MU-(GlcNAc) 2 were conducted in 100 μl of a mixture containing 0.1 mM substrate and enzyme in 100 mM KH 2 PO 4 +NaOH buffer (pH 7.0). After incubation for 10 min at 37°C, the reaction was stopped by addition of 0.1 ml of 0.2 M Na 2 CO 3 and measured with an excitation at 360 nm and an emission at 440 nm on a BioTek FLx800 (BioTek, Vermont, USA). One unit of chitinase activity was expressed as micromoles of liberated 4-methylumbelliferone per min. Assays for determination of kinetic constants were conducted at concentrations of 4-MU-(GlcNAc) 2 ranging from 2.5 to 100 μM. The initial rate of hydrolysis was determined for each assay. K m and K cat were calculated from an average of three experiments by the Michaelis-Menten equation.
Colloidal chitin was prepared from native chitin (Sigma, C9213) (Jeuniaux 1966) . Assays for colloidal chitin and native chitin were reacted in a mixture (1.0 ml) containing 0.5% (w/v) substrates and enzyme in 100 mM KH 2 PO 4 + NaOH buffer (pH 7.0). After incubation for 30 min at 37°C, the reaction was stopped by boiling for 5 min. A mixture containing 200 μl supernatant solution after centrifugation and 260 μl color reagent solution (0.05% potassium ferricyanide in 0.5 M Na 2 CO 3 ) was boiled for 15 min. The reaction mixtures (100 μl) were transferred to a 96-well microtiter plate and measured at 420 nm on a BioTek μQuant (BioTek). One unit of chitinase activity against colloidal chitin and native chitin was expressed as micromoles of liberated N-acetylglucosamine per min per mg of purified chitinase.
Polysaccharide binding assay
Qualitative evaluation of binding capacity was conducted with cytoplasmic extracts of recombinant E. coli by a modification of the procedures described in Simpson et al. (Simpson et al. 2000) . Protein (100 μg) of cytoplasmic extracts was incubated with 50 mg of purified chitin (Sigma) or Avicel PH-101 (Fluka [from Sigma]) in 20 mM Tris-HCl buffer pH 7.5 in a total volume of 400 μl. After 1 h on ice with gentle mixing, supernatants and pellets were separated by centrifugation. The pellets were washed two times with 20 mM Tris-HCl buffer (pH 7.5), and then the bound protein was eluted by boiling for 10 min in 100 μl of 10% (w/v) SDS. The samples (20 μl) were subjected to SDS-PAGE. Quantitative evaluation of binding capacity was conducted with purified enzymes. The reaction mixtures (400 μl) containing 50 μg of protein and 12.5 mg of polysaccharides in 20 mM Tris-HCl buffer (pH 7.5) were incubated for 1 h on ice with gentle mixing. After centrifugation, protein concentration in the supernatant was measured with a protein assay kit (Bio-Rad).
Detection of chitinolytic enzymes after gel electrophoresis Discontinuous SDS-PAGE was performed by the method of Laemmli (1970) in 10% polyacrylamide gels. Samples were mixed with an equal volume of 30% (w/v) sucrose, 5.0% (w/v) SDS in 250 mM Tris-HCl (pH 6.8) and 0.02% (w/v) bromophenol blue without 2-mercaptoethanol. After electrophoresis, the enzymes were reactivated by removing SDS using the casein-EDTA procedure (McGrew and Green 1990) , and their activities were detected on the gels by using 4-MU-(GlcNAc) 2 .
The chitinolytic bands of E. coli strains expressing chi54 or mutated chi54 genes were compared by the method of Trudel and Asselin (1989) because it is more sensitive than the methylumbelliferyl assays. In this case, SDS-PAGE was conducted on gels containing 0.01% glycol chitin. The gel was incubated at 37°C for 3 h with slow shaking in 100 mM sodium acetate buffer, pH 5.0, containing 1% (w/v) Triton X-100 and then stained with 0.01% (w/v) Calcofluor White M2R (Sigma, F6259) in 500 mM Tris-HCl, pH 8.9, for 5 min. After destaining by soaking for at least 1 h at room temperature in distilled water, lytic zones were observed under the UV-transilluminator. Proteins separated by SDS-PAGE were stained with silver nitrate and their molecular weights were determined by comparison with Silver Stain SDS-PAGE standards, low range (Bio-Rad).
Results
Cloning of a chitinase gene and overexpression in E. coli
Two clones from the recombinant phage library hybridized to antiserum were prepared against chitinase purified from Chromobacterium and secreted chitinase (methylumbelliferone assay). These were amplified, converted into phagemids (pBK-CMV), and transfected into E. coli XLOLR. The recombinant strains formed clearing zones on media containing colloidal chitin. The smaller insert DNA consisted of 3,690 nucleotides, which contained three ORFs. The plasmid from pBK-CMV containing an ORF of the chitinase gene (1,846 bps) was transformed into E. coli XL1-Blue MRF′ (Stratagene). The chitinase gene was named chi54 and the protein it encodes was designated Chi54.
The nucleotide sequence of chi54 and its deduced amino acid sequence are available as GenBank accession AY263367. The potential ribosome-binding sequence, 5′-AGGAGG-3′, began 11 nt upstream of the start codon (ATG). An inverted repeat 5′-CCGCCGGGCATGCCCGGCGG-3′ began 26 nt downstream of the terminal codon (TAA). The ORF consists of 1,611 nucleotides encoding 536 amino acids. A putative signal sequence of 26 amino acids was present with a predicted cleavage site after A26. The deduced mature protein (510 aa) was calculated to have a molecular weight of 55,102 Da and pI value of 8.67.
The E. coli harboring chi54 (strain Chi54-0) formed a larger clearing zone than that of strain C-61 after 5 days growth at 37°C (Fig. 1a) . However, at 30°C the sizes of the clearing zones from strain Chi54-0 or strain C-61 were similar (Fig. 1b) . The culture supernatant of strain Chi54-0 showed two chitinases with molecular weights of about 54 and 52 kDa after SDS-PAGE. These were very similar to some of the chitinases produced by strain C-61 (Fig. 1c) .
To compare the level of chitinase production from strain C-61 and strain Chi54-0, the conditions for their maximal production were investigated. Chitinase production and the cell growth of strain Chi54-0 were much better in TB medium than in LB medium (Fig. 2) . Maximum chitinase levels were obtained after 5 days of cultivation in LB medium and 6 days of cultivation in TB medium (Fig. 2b) . The cell density decreased after 8 days of cultivation in LB medium, but continuously increased through 10 days of cultivation in TB medium (Fig. 2a) . The addition of IPTG resulted in slightly increased chitinase production in both TB and LB medium (Fig. 2b) . In a previous study (Park et al. 1995b) , the highest levels of chitinase production from strain C-61 was in minimal medium containing colloidal chitin and the greatest level of enzyme activity was obtained after 4 days of cultivation at 28°C. The chitinase activities of culture supernatants obtained from these optimized conditions were 11.9 U/ml in strain Chi54-0 and 3.0 U/ml in strain C-61. This result indicates that strain Chi54-0 can produce about fourfold more chitinase than strain C-61 under optimal growth conditions for the two organisms.
Binding affinity of Chi54 to polysaccharides
Binding of Chi54 to chitin and cellulose (Avicel) was first identified by SDS-PAGE. The Chi54 bound to both chitin and cellulose, but its binding affinity was greater on chitin than on cellulose (Fig. 3a) . This was further examined with purified enzymes. The Chi54 had about twofold higher binding affinity to chitin than to cellulose (Fig. 3b) .
Domain structures of Chi54
The mature protein was predicted to have a chitin-binding domain type 3 (ChtBD3, aa 30 to 74), a segment of low compositional complexity (aa 80 to 103), a family 18 catalytic domain (CatD, aa 104 to 501) and another segment of low compositional complexity (aa 518 to 533), as determined using the SMART program (http:// smart.embl-heidelberg.de/) (Fig. 4) . The ChtBD3s of Chi54 and other bacterial chitinases in the CHROMA format of SMART program were further aligned on the basis of sequence alignments of Brun et al. (1997) , Ikegami et al. (2000) , and Hashimoto et al. (2000) . The ChtBD3s were A segment of low compositional complexity (aa 80 to 103) that was located between a ChtBD and a CatD region of Chi54 was a proline-rich region (TPGGGDPGPGPGTG VPPEPTPTVG) (Fig. 4) . This region was considered to play a role as linker because repeats of proline and hydroxyamino acids (residues 98 to 101) have been reported as linker regions between discrete functional domains in a number of polysaccharidases (Gilkes et al. 1991) . The amino acid residues 518 to 533 (AAAAKKKAAAKTSAAS) of Chi54 (Fig. 4) did not match other bacterial chitinases but was similar to basic proteins when examined with short, nearly exact matches in BLAST. The CatDs of Chi54 and other bacterial chitinases were first classified as subfamily A or B (Suzuki et al. 1999 ) (CHROMA format of the SMART program), and then further aligned as proposed by van Aalten et al. (2000) . Chi54 has a CatD of a typical subfamily A. These have been divided into three subfamilies; subfamily A with an α+β insertion domain between β7 and β8 and subfamilies B and C without it (Suzuki et al. 1999) . Subfamilies A and B can be easily distinguished by the length of the amino acid residues between β7 and β8 as shown in Figs. 4 and 6. The location of β strands are shown in Fig. 4 . CatDs of subfamily A were found in chitinases from viruses, bacteria, fungi, insects, crustaceans, nematodes, entamoeba, and plants. Perfectly or highly conserved residues were observed around each β strand in spite of diverse overall sequences in the genes.
In this study, six perfectly conserved residues, two highly conserved residues and five nonconserved residues in β3, β4, β7, and β8 regions were mutated to other amino acid residues. The nonconserved residues modified were T218 of β3, I270 of β4, N401 of β7, and V493 and S497 of β8. As the position of T218 had T, Y, S, A, N, G, R, or I in other naturally occurring chitinases, it was replaced with S (T218S). The I270 consisting of I, L, V, M, or F was replaced with L (I270L) or V (I270V). Similar processes were used for other mutations, i.e., N401V, V493M, and S497E (Fig. 7) .
Cytoplasmic extracts from each of the mutant strains were analyzed by SDS-PAGE. Silver nitrate-stained gels showed that a protein of 54 kDa, which is identical to the chitinolytic enzymes produced by strain C-61, is produced in the wild type and 12 of the mutants. Strains expressing mutants of perfectly conserved residues (G216E, D271E, E273W, G403E, G492E, and W496E) and highly conserved residues (S213E and G215E) were unable to clear colloidal chitin on 1/2 LB agar plates or in overlays of proteins separated on is boxed and the β-strands of the catalytic domain are in bold and underlined. The inverted repeat sequence is indicated by facing arrows SDS-PAGE. Conversely, proteins mutated at nonconserved sites (T218S, I270L, I270V, N401V, V493M, and S497E) were chitinolytic but had varying levels of activity, compared with the wild type enzyme (Chi54) (Fig. 5) . These plate assays were confirmed with quantitative assays; for mutation of the conserved residues, the relative activity was 0.04% for G216E, 0.09% for D271W, 0.01% for E273W, 0.16% for G403E, 0.18% for G492E, and 0.75% for W496E as compared to Chi54. The mutation of highly conserved residues S213E and G215E also showed low chitinase activity (0.13% and 0.05%) respectively, as compared with Chi54. Conversely, the activity of mutants of nonconserved residues ranged from 173% for T218S, 97% for N401V, 58% for I270V, 80% for I270L, 48% for V493M, and 30% for S497E relative to Chi54 (Fig. 8) . The chitinase activities of the culture supernatants showed similar trends to that of the cytoplasmic extracts indicating that variations of chitinolytic ability in the mutants are not due to a defect in secretion.
Purification and properties of Chi54 and its mutated proteins
To determine specific activity of the 54-kDa protein, the chitinases of the wild type and six mutants were purified (Fig. 9) . The purification, based on isoelectric point, was conducted in a Rotofor cell. The SDS-PAGE results show that the culture supernatants of recombinant E. coli and acidic fractions contain various proteins, while alkali fractions 19-20 contain only Chi54, including the typical active product of 52 kDa which is always observed whenever the gene is expressed in C-61 or E. coli (Fig. 9a) . The relative amount of the 52-kDa protein could be altered by cultural conditions; for example, it was relatively less abundant early in the cultural cycle, which suggests that it arose from secondary proteolysis of the secreted 54-kDa protein.
The kinetic parameters of the purified chitinases were determined with 4-MU-(GlcNAc) 2 (Table 2 ). The K m values of the mutant enzymes were slightly changed, as would be expected as the binding domains were not altered (Table 2) . However, K cat was substantially altered by the changes in the catalytic domains (Table 2) . Mutant T218S had higher specific activities than Chi54 against synthetic methylumbelliferyl and chitin substrates, based on total relative activity (Table 3) . With the purified enzymes, this mutant had 138, 157, and 147% of the activity of the native Chi54 against the synthetic substrate, colloidal chitin, and native chitin, respectively, which is in agreement with the increase in activity measured with nonpurified culture (Fig. 9) . Mutant N401V was similar in activity relative to Chi54. On the other hand, mutants I270V, I270L, V493M, and S497E had lower activity than the native enzyme in all tests performed.
Discussion
The sequence of chi54 had 81% identity to GI:34499695 from C. violaceum. C. violaceum and C61 have 93% identity in the 16S ribosomal region, suggesting that it is similar to, but not congruent with, C. violaceum (Park et al. 2005) . However, chi54 was less than 51% identical to other chitinases examined. Of the chitinases with a ChtBD and a CatD, the smallest protein was chitinase C (430aa) from Alteromonas sp., but it has a deletion in the β8 region. Chitinase B (499aa) from Serratia marcescens had a ChtBD and a CatD but did not have a signal sequence. Some chitinases larger than Chi54 had more than one ChtBD and/or other domains in addition to a CatD. An archeonbacterial chitinase was reported to have three ChtBDs and two CatDs (Tanaka et al. 1999 (Tanaka et al. , 2001 ).
The secreted chitinase in both recombinant E. coli and wild type strain C-61 contained proteins of 54 and 52 kDa. The molecular size calculated from the deduced amino acid sequence of the mature protein was 55,102 Da. These data suggest that the secreted enzymes from both E. coli and C-61 were proteolytically cleaved during processing to give the two molecular weights. Multiple chitinases from single genes have been detected in other systems. For example, a 35-kDa chitinase from S.marcescens was obtained by cleavage of a 52-kDa chitinase (Gal et al. 1998 ) and a 56-kDa chitinase from Janthinobacterium lividum was derived from a 69-kDa chitinase (Gleave et al. 1995) . The 59-kDa chitinase from Streptomyces olivaceoviridis was proteolytically processed to a 47-kDa truncated chitinase lacking the chitin-binding domain (Blaak and Schrempf 1995) .
The pI value of 8.67 that was predicted from the deduced amino composition was consistent with the measured pI of 8.7 by isoelectrofocusing in the previous experiments (Park et al. 2005) . We calculated that the portable chitinase gene from C. violaceum ATCC 12472 had a pI value of 8.69. An alkaline pI in this range was not found with the other bacterial chitinases in searches of gene databases or the published literature. Segments of AAAAKKKAAAKTAAS in Chi54 and AAAAAAAKAKAAKK in the portable chitinase gene of C. violaceum ATCC 12472 were present at the C-terminal region. Such segments were observed in other basic proteins but were not observed in other chitinases. If these sequences were excluded from calcula- tion of pI values, the remainder of the protein was calculated to have a pI of 7.71 for Chi54 and 6.37 for a C. violaceum chitinase which suggests that this sequence is responsible for the basic pI of Chi54.
Chi54 bound tightly to chitin but less well to cellulose. It had a ChtBD of type 3 (ChtBD3); the ChtBD3s are usually contained in bacterial chitinases (Henrissat 1999) . ChiBD3s with a stWWst motif have been subclassified as Group A and without the motif as Group B Ikegami et al. 2000) . The ChtBD3 of Chi54 contains a typical stWWst motif. However, Chi54 lacks the DWAGGQ loop found in CBD Cel5 (formerly known as CBD EGZ ). This loop appears to be important for binding affinity to cellulose, as CBD EGZ has about ten times higher binding affinity to cellulose than to chitin (Simpson and Barras 1999) , while ones without this region bind less tightly to cellulose. For example, chitinase C from Alteromonas sp. strain O-7 bound to both chitin and cellulose, but affinities for the substrates were about equal, in contrast to enzymes with the loop (Tsujibo et al. 1998) . Chitinase B from Clostridium paraputrificum showed significant affinity for cellulose (Morimoto et al. 1997 ) even though these lack the DWAGGQ loop. However, like Chi54, they do contain the stWWst motif that may also be involved in binding to both substrates. Larger chitinases had generally one or more ChtBDs and/or other domains in addition to a CatD. From this analysis, it is clear that small changes in the chitinbinding domains of these enzymes may rather dramatically change the binding, and potentially the functionality, of chitinases. Experiments are underway to elucidate the structure-function relationships within these chitin-binding domains.
A major portion of this research dealt with the elucidation of the structure-function relationships in the catalytic domain (CatD) of Chi54. Alignments of family 18 chitinases have been described (van Aalten et al. 2000; Lu et al. 2002; Papanikolau et al. 2001; Suginta et al. 2005; Synstad et al. 2004; Thomas et al. 2000) . Recently, the family 18 chitinases were suggested to subdivide into two functional subgroups; the chitinase group and the hevamine group (Bokma et al. 2002) . Residue F of β2, GG of β3, DxDxE of β4, A of β5, Y of β6, G of β7, and GxxxW of Fig. 7 Target amino acid residues of Chi54 for site-directed mutagenesis. Conserved (black background) and nonconserved (grey background) amino acid residues in family 18 chitinases with CatD of subfamily A. The sequences were aligned on the basis of the strands β1-β8 of ChiB from S. marcescens (P11797). The numbers at the left of each sequence represent the residue positions in the protein β8 were conserved in both subfamilies A and B. However, the other conserved residues were different from subfamily A and subfamily B; for example, MxYD of β6 region in subfamily A consisted of QxYN in subfamily B. Of a total of ten residues reported as the −1 subsites in the ChiB from S. marcescens (van Aalten et al. 2000) , nine residues (Y of β1, F of β2, G of β3, D of β4, A of β5, MxY of β6, Y of β7, and W of β8) were conserved in subfamily A, but only one residue (M of β8) was conserved in subfamily B. On the other hand, Y of β1, M of β6, and Y of β7 were not conserved in subfamily B. As the CatD of ChiB belongs to subfamily A, the −1 subsites may be in better agreement with the residues conserved in subfamily A than in subfamily B. From these observations, we suggest that sequence alignment of the family 18 CatD must be compared with members of the same subfamily, because some conserved residues are different from subfamily A and subfamily B.
Several residues of chitinases including G216 of β3, D271 and E273 of β4, G403 of β7, and G492 and W496 of β8 are identical in all chitinases examined. Mutational insertion of alternative amino acids at any of these sites resulted in a loss of almost all activity, which demonstrates that they are essential for enzyme function. For example, substitution of E for G215 resulted in almost total loss of activity, as also was the case with G216. These results are similar to those from studies with Chi85 from Alteromonas sp. in which G251P and G251V mutants had very low activity. In the β4 region, mutational analysis of the DxDxE motif, which is perfectly conserved, has been conducted in several chitinases. In this study, substitution at any of these sites (D271W or E273W) resulted in greatly reduced or total elimination of activity. In the A. caviae chitinase, nearly all activity was lost by the mutation from aspartate to glutamate (D313E) but considerable activity remained after the mutation to asparagine (D313N) (Lin et al. 1999 ). Conversely, Alteromonas sp. Chi85 lost nearly all activity in the mutation to asparagine (D290N) but retained considerable activity in the mutation to glutamate (D290E) (Tsujibo et al. 1993) . Further, mutation of the homologous E273 by substitution with aspartic acid, glutamine, alanine, or glycine in other studies (Lin et al. 1999; Lu et al. 2002; Papanikolau et al. 2001; Synstad et al. 2004; Thomas et al. 2000; Tsujibo et al. 1993; Watanabe et al. 1993 ) led to inactivation. Finally, in this study, mutation within the β7 and β8 region-G403E, G492E, or W496E-resulted in loss of almost all activity. In a similar study, mutation W496A of chitinase A1 from Bacillus circulans WL-12 resulted in a loss of almost all activity (Watanabe et al. 2003) . However, at other sites, amino acids are imperfectly conserved and in this study, substitution for several of these was less detrimental than substitution of the fully conserved amino acids. In the β3 region, S213 or its homologue contains serine in most chitinases, but in most insect chitinases, the residue was alanine. Chi54 contains serine in this site, its substitution by alanine somewhat reduced activity (data not shown), but a mutation to the acidic amino acid glutamate greatly reduced activity. In other studies, mutation of S213 to alanine retained considerable activities in B. circulans WL-12 ChiA1 (Watanabe et al. 1993) and Serratia marcescens ChiB (Synstad et al. 2004 ), but nearly all activity was lost in Alteromonas sp. Chi85 (Tsujibo et al. 1993) . Of six mutants, one mutant (T218S) had higher activity than Chi54, and another mutant (N401V) retained similar activity, while four mutants (I270L, I270V, V493M, S497E) showed lower activity. These indicate that the nonconserved residues are less critical for catalysis, although variation of chitinase activity occurs by their mutation.
One mutant, T218S, is of practical interest as this modified protein had higher activity against synthetic substrates and soluble and insoluble chitin than Chi54, with the level of activity being 170% of the native Chi54. This increase in activity is expected to provide substantially improved biocontrol and capabilities in industrial processes described in the introduction to this paper. This is in contrast to a mutant of chitinase A1 from Bacillus circulans WL-12, where activity against synthetic substrates was reported to increase by point mutation, but activity against colloidal chitin and crystal chitin decreased .
This study also indicates very practical methods for further improvement of the activities of this enzyme for various uses. The substantial increase observed by the mutation T218S clearly is only the starting point for further improvements that are possible.
In addition, this study provides a simple method for producing pure chitinase by single step purification after production in E. coli. Taken together, the potential for producing mutant chitinases with improved activity or alterations of binding sites for particular applications, plus simple production and purification processes, is of substantial potential value. Numbers followed by ± represent the averages and standard deviations measured over three experiments. Numbers followed by ± represent the averages and standard deviations measured over three experiments.
